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arrays for electrochemical CO2 reduction
Abstract
The understanding of the influence of hierarchically nanostructured architectures as support materials for
catalysts loading, is critical towards development of efficient electrocatalytic interfaces. The knowledge
on mass transport limitation of reactants within such catalyst-support structures remains elusive. Herein,
we performed systematic investigation through a novel hierarchical 1D-3D structure by loading
mesoporous Pd with an average pore size of ∼10 nm and wall thickness of ∼4 nm onto highly ordered
TiO2 nanotube arrays via pulse electrodeposition. Electrochemical CO2 reductions achieved a CO2-toformate faradaic conversion efficiency of 88 ± 2% under optimal conditions. Importantly, the product
selectivity is found to depend significantly on the tube length, highlighting the influence of mass transport
limitations of CO2. This work offers vital insight into practical consideration in designing efficient catalystsupport interfaces with an optimal hierarchically geometry, that must optimise mass transport as well as
electrochemical kinetics.
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The understanding of the influence of hierarchically nanostructured architectures as support materials for catalysts loading,
is critical towards development of efficient electrocatalytic interfaces. The knowledge on mass transport limitation of
reactants within such catalyst-support structures remains elusive. Herein, we performed systematic investigation through a
novel hierarchical 1D-3D structure by loading mesoporous Pd with an average pore size of ~ 10 nm and wall thickness of ~ 4
nm onto highly ordered TiO2 nanotube arrays via pulse electrodeposition. Electrochemical CO2 reductions achieved a CO2to-formate Faradaic conversion efficiency of 88 ± 2 % under optimal conditions. Importantly, the product selectivity is found
to depend significantly on the tube length, highlighting the influence of mass transport limitations of CO2. This work offers
vital insight into practical consideration in designing efficient catalyst-support interfaces with an optimal hierarchically
geometry, that must optimise mass transport as well as electrochemical kinetics.

Introduction
World energy consumption that heavily relies upon fossil fuel
resources has resulted in the continuous release of anthropogenic
CO2 into the atmosphere.1-2 Electrochemical CO2 reduction
technology, along with CO2 capture, powerable by renewables, could
recycle the CO2 by converting it into valuable fuels and chemical
feedstocks, creating a carbon neutral energy loop. This has created
intense interest in the CO2 reduction reaction (CO2RR) and the
electrocatalysts that can support it. Nanostructuring of
electrocatalysts of various dimensions and hierarchical structures
decreases the required overpotential for CO2RR, and/or enhances
the selectivity of carbon-based products over hydrogen evolution.3-4
It is increasingly evidenced that the reactant concentration gradients
between the nanostructured electrode surface and bulk solution play
an essential role in influencing the product selectivity, and contribute
to the intrinsic complexity of the electrocatalytic CO2 reduction
processes.5-7
Another avenue of significant interest is in designing optimal
and efficient hierarchically nanostructured catalyst-support
structures, which can provide large surface area with abundant
active sites, as well as suppress the aggregation of active
electrocatalyst particles.8 The combination of a 3D mesoporous
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catalyst and a 1D nanotubular structure is a highly desirable
hierarchical design in this regard. Mesoporous-based catalysts are
known to exhibit excellent electrocatalytic performance,9-11 and TiO2
nanotubular arrays (TNTAs) are arguably among the most
investigated hierarchical structures.12-14 For example, nanoporous
gold loaded onto TNTAs by controlled dewetting-dealloying showed
enhanced photocatalytic H2 generation performance.15 Metal
catalysts have been loaded on TNTAs for various functional
applications,16-18 however formation of mesoporous catalysts on a
1D hierarchical structure with precise control remains a challenge.
Issues such as weak interfacial binding compatibility, and the
inhomogeneous deposition of mesoporous catalysts onto the 1D
nanotubular structure needed to be overcome.
Palladium (Pd) can electrocatalytically convert CO2 to formate
at very low overpotentials via the HCOO* reaction pathway.19-22
However, the low barrier towards the formation of the palladium
hydride (PdHx) makes hydrogen evolution reaction (HER) a strong
competing reaction.23 Pd is known to exhibit a strong size,
morphological structure, and applied cathodic potential dependence
on the CO2RR performance.16-21 Klinkova et. al. experimentally and
theoretically identified that high index surfaces of Pd can facilitate
the formation of HCOO*, while low index surfaces favour the
formation of CO*.24 Gao et al. found that the main products, which
is either formate or CO, can be tuned by varying the applied
potential.20 In this regard, a mesoporous structure of Pd that
encompasses nanosized catalytic sites is of strong interest.
Mesoporous Pd can be prepared by a facile and scalable
electrodeposition method. The presence of micelles as template
allows self-assembly reduction to Pd, followed by template removal
which permit direct mesoporous Pd deposited on the electrode.25-26
Support materials is also critical to allow successful growth of
electrodeposited mesoporous Pd. Commonly employed atomically
flat gold surface would possesses challenge for materials evaluation
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as gold is known as CO2 electroreduction catalysts. Inert material
such as TiO2 would be ideal, particular hierarchical structures such as
nanotubes facilitating enhanced loading of catalyst. Herein, we
report the successful synthesis of a hierarchical architecture of
mesoporous Pd on TiO2 nanotube arrays (mPd/TNTAs) for the first
time. Such structures are investigated for electrochemical CO2
reduction, with comparison being made to non-mesoporous
structure. Furthermore, taking advantage of highly ordered aligned
TiO2 nanotube arrays with controllable thicknesses, as well as a
simplicity of CO2 electroreduction products in the case of Pd: liquid
phase formate and gas-phase hydrogen; we examine the influence
of both mesoporous and nanotubular structures, as well as local
concentration changes on the CO2RR Faradaic conversion efficiency.

Results and discussion
Fig. 1 illustrates the procedure to synthesize 3D mesoporous Pd
layer on TiO2 nanotube arrays (mPd/TNTAs). The annealed TNTAs
were immersed in an electrodeposition bath containing 2.5 wt %
Pluronic P123 (its concentration is beyond the critical micelle
concentration, CMC) and 40 mM PdCl2. To ensure the electrolyte
homogenously diffuses into the inner and outer layers of tubes, a
short 1 min ultrasonication was applied. The mesostructured Pd layer
was grown on TiO2 nanotube arrays by performing electrodeposition
at 0.0 V (vs. Ag/AgCl). Finally, micelles were removed by immersing
the electrodeposited Pd layer-TNTAs in water for 24 hours as
followed the protocol reported elsewhere.25 Further details on the
experimental procedure can be referred to the experimental section
and Fig. S1.
To successfully grow mesoporous Pd structures, relatively high
Pd2+ and micelle concentrations were required, beyond the CMC.25,
27 However, the local concentration change during the deposition
process may affect the quality of mesoporous layer. Especially, 1D
nanotube array architecture could restrict the supply of micelle
protected Pd2+ to its inner and outer layers, resulting in an
inhomogeneous distribution of the mesoporous Pd layer (Fig. 1, 2ab). To compensate for this local concentration change issue, instead
of a constant voltage during deposition, a square-wave voltage pulse
was applied with a pulse width of 30 s of rest potential between
pulses, which allows the Pd2+ ions to migrate towards the TNTAs
Mesoporous Pd
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e-
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Fig. 1 Schematic procedure for the electrochemical deposition
of mesoporous Pd onto TiO2 nanotube arrays (mPd/TNTAs).

Fig. 2 Comparison of SEM images of mPd/TNTA prepared
without (a, b) and with (c, d) pulse-electrodeposition of 2 min.
(a) and (c) are the top views; (b) and (d) are the cross-sectional
views. Insets in each figure are the enlarged views. The TNTAs
tube length is ~ 20 µm.
during the rest time.28 Via this strategy, a homogenously distributed
mesoporous Pd layer on TNTAs was evidenced (Fig. 2c-d, S2, and S3).
Layers with a pulsed-electrodeposition time of 1, 2, 3 and 5 min were
synthesized as shown in Fig. S4. The 2 min deposition duration was
found to be optimal to achieve a uniform mesoporous layer. A
shorter duration of 1 min deposition resulted in a thin layer of
inhomogenous coverage, wheareas 3 min started to cover some of
the tube openings. A longer 5 min deposition produced a thick
mesoPd layer almost completely blocking the tube openings. Such
surface morphology is not ideal for electrocatalysis, as the reactants
should be readily accessible and interacting with the whole active
catalyst, including inner and outer surface of the tubes. Unless
otherwise stated, the mPd/TNTAs prepared in this study were based
on the 2 min pulsed electrodeposition. Detailed examination
indicates the mesoporous structure produced has an average pore
size of ~ 10 nm, and a pore wall thickness of ~ 4 nm (Fig. 3). TEM
image in the inset of Fig. 3c shows evidenced coverage of
mesoporous Pd on TiO2 nanotubes, and HRTEM shows the
crystallinity of the obtained Pd and the difference in contrast
highlights the porous nature of the mesoporous Pd film.
Comparison was made with non-mesoporous Pd layer on TiO2
nanotubes (Pd/TNTAs) without a mesoporous structure, which was
deposited from a micelle-free electrolyte (Fig. 3d). It was found that
the Pd aggregated and covered the tube openings instead of growing
on the inner and outer surfaces of the nanotubes. The pulsed
electrodeposition current of Pd/TNTAs was larger than that of the
mPd/TNTAs (Fig. S5), indicating the higher electrodeposition rate in
the micelle-free electrolyte. This high deposition rate could result in
rapid aggregation of Pd at the tube openings. In contrast, in
mPd/TNTAs case, the electrodeposition structure and kinetics are
controlled by the P123 micelles, which template the reduction of
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detected liquid product was formate, and hydrogen
was a gas-phase by-product. There is a strong
dependency of formate Faradaic conversion
efficiency with respect to the applied cathodic
100 nm
potentials. As for mPd/TNTAs (Fig. 5a), the formate
Faradaic
conversion efficiency of ~ 88 ± 2 % at -0.1
(f)
V, but decreased to 72 ± 2% at -0.3 V, and further
dropped to only 17 ± 4 % at -0.5 V. The Pd/TNTAs
exhibited a similar trend, with the highest Faradaic
100 nm
conversion efficiency of 35 ± 7 % at -0.1 V. This was
(g)
about 2.4 time lower than that of mPd/TNTAs.
(c)
(d)
Overall, formate Faradaic conversion efficiencies of
0.23 nm
Pd (111)
mPd/TNTAs were much higher than that of the nonmesoporous Pd/TNTAs evidencing the merits of the
mesoporous structure. The mesoporous Pd was in a
50 nm
(h)
foam shape having an average pore wall thickness
0.23 nm
Pd (111)
of 4 nm; in contrast, the Pd deposition unassisted
by micelles resulted in large Pd particles (Fig. 3d)
0.23 nm
with an average diameter of 150 nm covering the
1
µm
Pd (111)
TiO2 nanotubes (Fig. 3g). Pd/TNTAs consisted of
aggregations of small particles (~ 10 nm, Fig. 3h)
Fig. 3 SEM (a,b) and TEM (c) images of mPd/TNTAs, and (d) SEM images of Pd/TNTAs.
forming a rather dense layer. Gao et al. reported
Histograms showing distribution of the obtained pore size (e) and pore wall thickness
the size effect on Pd towards CO2 electroduction
(f) of meso Pd on mPd/TNTAs; distribution of the aggregated Pd particle sizes (g); and
selectivity, where they found that Pd particles with
the distribution of single Pd particle sizes (h) on the aggregated large particles of
the size of 3.7 nm had the highest corner and edge
Pd/TNTAs. Inset in (a) is the cross-sectional view of mPd/TNTAs. (b) is the enlarged of
site ratio that drives the formation of the HCOO*.22
selected square zones shown in (a). Top and bottom insets in (c) are the SAED pattern
This is fully consistent with our finding with a
and the lower resolution TEM image, respectively. Inset in (d) is the higher
smaller size mesoporous structure having a much
magnification of the selected square zones.
better CO2 electroreduction performance. An
examination of the Tafel plot of the mPd/TNTAs
Pd2+ at the tube interface to form a well-distributed mesoporous (Fig. S10) with a slope of 145 mV dec−1 from -0.05 to -0.1 V vs. RHE is
layer. Note that the micelles of P123 can be easily removed by similar to other reported values,19, 31 suggesting absorbed hydrogen
immersing in water for 24 h and then followed by water rinsing. This as a rate-limiting chemical reaction in an electrohydrogenation
micelles removal procedure was followed other reports,25, 29 and mechanism. The second high overpotential region exhibited a slope
confirmed by Fourier Transform Infrared Spectroscopy (FTIR) of 426 mV dec-1 which is postulated as a result of saturation of
measurements (Fig. S6).
absorbed hydrogen and mass transport limitations.22 The long term
We examined X-ray diffraction (XRD) pattern of synthesized CO2RR stability of the mPd/ TNTAs of 2 µm (Fig. S11) indicates a 72 %
samples: TNTAs, mPd/TNTAs, and Pd/TNTAs (Fig. 4a). The diffraction current density retention at ~ 2 mA cm-2 with formate Faradaic
peaks of TNTAs can be assigned to Ti (JCPDS Card No. 65-6231) and conversion efficiency of 84 % after 4 h electrolysis, and the
anatase TiO2 (JCPDS Card No. 21-1272), respectively, indicating that mesoporous Pd structure remained intact. The dropped in
the TiO2 nanotubes were in anatase phase. The peaks of Pd/TNTAs performance could be attributed to CO poisoning which generates as
and mPd/TNTAs at 40.18o, 46.72o, and 68.16o can be ascribed to Pd an intermediate species during CO2 electroreduction.19, 24, 32 The XRD
(JCPDS Card No. 05−0681). This is further validated by X-ray and the XPS spectra of the mPd/TNTAs after performing 4h CO2
photoelectron spectroscopy (XPS) measurement (Fig. 4b) of two electroreduction (Fig. S12) suggest that the crystalline phase and the
main characteristic peaks of Pd(0) at the position of 335.1 and 340.4
eV. Peaks at 336.1 and 341.3 eV can be assigned to Pd (PdOx)
intermediates. Peaks at 337.1 and 342.4 eV are corresponding to
PdO, whilst 338.2 and 343.4 eV can be attributed to Pd2+.30
The CO2 electroreduction performance was examined in a
three-electrode system in a H-cell separated by a cation exchange
membrane (Nafion 115). The gaseous and liquid products were
analyzed by gas chromatography (GC) and nuclear magnetic
resonance (NMR) spectra, respectively. Details of the analysis
methods can be found in the supporting information (Fig. S7). The
data were reported with each experiment performed in triplicate,
Fig. 4 XRD patterns (a) and XPS spectra (b) of TNTAs, mPd/TNTAs,
with average values included standard deviations. In the examined
and Pd/TNTAs samples.
potential region of -0.5 to 0 V vs. RHE (Fig. 5a, S8 and S9), the

(a)

(b)

(e)

20 nm
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Fig. 5 Comparison of formate Faradaic conversion efficiencies of
mPd/TNTAs and Pd/TNTAs as a function of applied potential (a),
formate Faradaic conversion efficiencies of mPd/TNTAs with
different mPd loading time (b) and different length of the TiO2
nanotube arrays of mPd/TNTAs (c). Insets in (b) and (c) are the
corresponding active surface area of the mesoporous Pd films at
different deposition times and lengths of TiO2 nanotube arrays,
respectively. (a, b) based on TNTAs of 2 µm; (a, c) mPd loading
time of 2 min, and (b, c) at -0.1 V vs. RHE. All experiments were
performed in 0.5 M NaHCO3 aqueous solution under constant
purging of CO2 (20 mL min-1) for 1 h. Note that H2 is the only other
detected product as shown in the plot of Figure S8.
surface oxidation state of Pd species remained unchanged. The Pd
mesoporous structure in this work exhibiting CO2 to formate Faradaic
conversion efficiency of 88 % is showing comparable value to those
reported in literatures (Table S1). Noted that to examine the
influence of support materials, we further perform electrodeposition
of mesoporous Pd on carbon paper, and found that this support
material is highly unstable as the mesoporous Pd peeled-off and
exhibit significant dropped in current density (Figure S13)

highlighting the advantage of TNTAs as hierarchical support
materials.
It is important to note that, as described earlier, a 2 min
electrodeposition was found to be optimal in achieving
homogeneous coverage of mesoporous palladium. The sample
prepared under this condition is also found exhibit an optimum
formate Faradaic conversion efficiency (Fig. 5b), which is supported
by the controlled potential electrolysis data (Fig. S14a). A control
experiment with TNTAs alone (refer to 0 min of Pd deposition time)
only detected the H2 product, suggesting that TiO2 nanotubes were
inert towards CO2 electroreduction.
The active surface area plot in the inset of Fig. 5c shows an almost
linear increase of Pd loading corresponding to the increase in the
tube length up to 10 µm. Excessively long tubes of 20 µm resulted in
much more difficult access of electrolyte to the outer as well as inner
layer of the bottom level of tubes, which makes the active surface
area gradually decrease. Taking this into account, we examined the
CO2 electroreduction performance of various TNTA tube lengths.33
The highest formate Faradaic conversion efficiency of 88 ± 2% at -0.1
V vs. RHE was obtained using TNTAs of 2 µm (Fig. 5c). Longer tubes
increased the Pd loading (Fig. S15b), as well as current density during
the controlled potential electrolysis (Fig. S14b), but this trend did not
translate into formate Faradaic conversion efficiency. Instead, with
the increase of tube length, the conversion to H2 became gradually
dominant. As a control experiment, a compact layer of TiO2 on Ti foil
was used (refer to 0 µm tube length in Fig. 5c). Under the equivalent
Pd deposition time, it had lesser Pd loading compared to the tubular
TiO2, indicating that the TiO2 nanotube arrays with enhanced specific
surface area can significantly improve the Pd loading. The samples
with tube length of 1 µm showed slightly lower efficiency as a result
of the poorer nanotubular morphology (Fig. S1a) with some
anodization initiation layers remaining.
Our results suggest a systematic influence of TiO2 tube lengths
on the electrocatalytic activity of mesoporous Pd, as summarised in
the plot of partial current densities of CO2RR and H2 evolution
reaction (HER) (Fig. 6a). For further discussion, we categorized the
reaction zones into three regions: CO2RR dominated, CO2RR & HER
mixed, and HER & non-active regions, according to the distance
between the tube openings and the tube ends (Fig. 6b). The plots of
Fig. 6a and 6b were based on the experimental data presented in Fig.
5 and Fig. S14. This result underlying competition between the two
reactants: dissolved CO2 that is externally supplied to the electrolyte,
and protons that are abundant in the electrolyte. Note that the
concentration of CO2 in aqueous electrolyte under ambient
conditions is low, e.g. CCO2 = 0.033 M.34 At the CO2RR active zone near
the tube openings, fresh CO2-saturated electrolyte readily reaches
the Pd surface to be electroreduced to formate continuously. In this
case, the applied potential governs the products formation from the
CO2 electroreduction.
However, when the tube length is in excess of ~ 3 µm, the slow
mass transport of CO2 (diffusion coefficient of CO2 , DCO2 = 0.0016
mm2 s-1)35-36 results in less CO2 reaching the inner and outer parts of
the longer tubes. It was previously found the accessibility of proton
to be optimal for TiO2 tube length of 10 µm for photoeletrochemical
water splitting, indicating an aqueous electrolyte can penetrate
efficiently to this tube length.37-38 Therefore, the lack of continuous
CO2 supply to compensate for the consumed CO2, as well as the
competition from proton, in this CO2RR & HER mixed region result in
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proton, could result in tunable product selectivity by simply varying
the lengths of the TiO2 nanotubes. This strategy could be extended
to control products from other CO2 reduction electrocatalysts, such
as Ag for CO production, which may realise the variation of syngas
ration of H2 and CO.

(a)

Conclusions

(b)

Fig. 6 Summary of the total current density JTotal, partial current
density of formate JCO2RR and JHER (a); schematic of the tube
length effect on the dominated reaction (b).
a gradual drop of formate Faradaic conversion efficiency. The
electroreduction processes in this region is expected to be more
complicated than that of the CO2RR dominated region due to the
mass transport limitation. During these processes, local pH change in
the tubes may also influence the electrocatalytic performance.39-41
The consumption of CO2 and protons results in increased local pH
within the inner and outer layers of the nanotubes. Smith and
coworkers demonstrated the influence of local pH changes with the
length of copper nanowires increasing alkalinity thus influencing the
generated products.7 The one-dimensional nanostructured
architecture is known could affect the mass transport properties of
the diffuse species.13, 42-43 In our case, the compact and well-aligned
highly ordered TiO2 nanotube arrays with increasing length create a
region of depleted CO2 concentration. This would have predominant
effect along with the local pH change. To verify the impact of local
pH towards formate conversion efficiency, we examined CO2
electroreduction performance in 0.5 M NaHCO3 electrolytes of
different pH at the potential of -0.1 V vs. RHE (Fig. S16). At initial
pH=9.2 and pH=12.1, the formate conversion efficiency dropped to
41 % and 3 %, respectively (note that at pH 6.8, formate conversion
Faradaic efficiency = 88 %), indicating alkalinity decreases the CO2 to
formate conversion efficiency.
At the longer lengths of TiO2 nanotubes (e.g. > 10 µm), under
ambient conditions, even aqueous electrolyte have difficulty in
accessing the inner part of the tubes (as shown in active surface area
curve of Fig. 5c). Consequently, limited electrocatalytic reaction
takes place, and hence we categorise this as a non-active region. It is
noticeable that for the long tubes, substantial gas bubbles are
generated from the proton reduction. These bubbles may be
released from as well as adsorbed onto the surface of the Pd which
decreases the contact of dissolved CO2 molecules with the Pd active
sites, which may result in gradual expansion of non-active region as
the experiment progressed. Our examination of a model hierarchical
structure consisting of highly ordered TiO2 nanotube arrays, implies
differences in the mass transport properties of reactants, CO2 and

A hierarchical structure consisting of mesoporous Pd homogeneously
covering TiO2 nanotube arrays favours the formate conversion in
comparison to a non-mesoporous counterpart. This work reveals
that the advantageous features of both 3D meso and 1D tubular
structures can only be realised by considering the types and
availability of reactants, as well as competing reactions participating
in catalytic conversion processes. Unlike other catalytic reactions
such as water oxidation, proton reduction or methanol oxidation
where the targeted reactants are abundant, the low solubility of CO2
only allows a short tube length to be an effective region for CO2
conversion. Tuning the mass transport limitation of reactants within
catalyst/hierarchical support structure offers an efficient way of
tuning product selectivity. As hierarchical features are one of the
most investigated and promising scalable strategies for wide-range
of catalytic reactions, this work offers key insights towards designing
catalytic-support interfaces to achieve efficient electrocatalytic
conversion of targeted products.

Experimental
Materials.
Titanium foil (99.7%, Sigma Aldrich), ethanol (Chem-Supply), acetone
(Chem-Supply), glycerol (Chem-Supply), ethylene glycol (ChemSupply), ammonium fluoride (Sigma Aldrich), palladium (II) chloride
(99%, Sigma Aldrich), pluronic P123 (average Mn ~ 5800, Sigma
Aldrich) were used directly without further purification. Mili-Q
system deionized water (18.2 MΩ·cm at 25 °C) was used to prepare
all solutions. Carbon dioxide (CO2, 99.99%) cylinder was purchased
from BOC.
Preparation
Synthesis of 1D-TNTAs and compact TiO2: Titanium foil was cut into
1× 1 cm2 sheet with a neck of 0.5 × 1 cm2, subject to ultrasonic
cleaning successively in acetone, ethanol and distilled water,
followed by drying under N2 stream. For TiO2 nanotubes of 1-3 µm,
anodization was performed in the electrolyte containing 0.5 wt % of
NH4F, 10 wt % of H2O and 90 wt % of glycerol. The longer TiO2
nanotubes of 6-20 µm was obtained in electrolyte contains 0.35 wt %
NH4F, 2 vol % H2O and 98 % of ethylene glycol. Various lengths of
TNTAs were obtained by altering the anodization duration, at a fix
potential of 50 V using a Voltcraft power supply (VSP 2653). Compact
layer of TiO2 was obtained by anodization in the above-mentioned
ethylene glycol containing electrolyte, at 10 V for 30 min. The
anodized foils were washed in ethanol and annealed at 450 oC for 1
h to obtain crystalline TNTAs or compact TiO2.
Synthesis of mPd /TNTAs, mPd/compact TiO2, and Pd/TNTAs:
The electrodeposition of mesoporous Pd was conducted at room
temperature by using a CHI650 potentiostat. A single compartment
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electrochemical cell was employed with Pt mesh as a counter
electrode, Ag/AgCl (3M NaCl) as a reference electrode, and the
TNTAs as a working electrode. Before electrodeposition, the TNTAs
were ultrasonicated for 1 min in the aqueous electrolyte containing
2.5 wt % Pluronic P123 and 40 mM PdCl2. The Pd was obtained by
either pulse deposition or non-pulse method at 0 V (vs. Ag/AgCl). In
the pulse deposition, the square-wave voltage was applied to the
TNTAs with the pulse width of 30 s. The same electrodeposition
procedure was applied to obtain mPd/compact TiO2. For the
synthesis of Pd/TNTAs, electrodeposition was performed in the 40
mM PdCl2 aqueous solution at 0 V (vs. Ag/AgCl).
Synthesis of mesoporous Pd on carbon paper: The mesoporous
Pd was deposited on carbon paper using the same electrodeposition
method as described earlier on TNTAs. The deposition time was 2
min.
Materials characterization
XRD patterns of the mPd/TNTAs, Pd/TNTAs, and TNTAs were
collected on a GBC MMA diffractometer with Cu Kα radiation at a
scan rate of 2o min-1. The surface morphologies of the samples were
recorded on a scanning electron microscope (SEM) of JEOL JSM7500FA. The X-ray photoelectron spectroscopy (XPS) measurements
were performed on the VG Multilab 2000 (VG Inc.) photoelectron
spectrometer with the monochromatic Al Kα radiation under vacuum
at 2 × 10−6 Pa. The Fourier Transform Infrared Spectroscopy (FTIR)
were collected on a PerkinElmer FT-IR Spectrometer Frontier
instrument with the scan number of 16 for each sample.
Electrochemical characterization
All the measurements were carried out on CHI650 potentiostat at
room temperature, in an H-cell separated by cation exchange
membrane (Nafion 115). Before use, the Nafion membrane was
pretreated by soaking in a sequence of 5 wt% of H2O2, pure water, 1
M H2SO4, pure water at the temperature of 80 oC. The Pt mesh was
used as the counter electrode. All the potentials were measured
against Ag/AgCl reference electrode (3.0 M NaCl). The foil with 1 cm2
active geometry area was used as working electrode. Before the
electrolysis, the CO2 gas was introduced into the cathodic chamber
at a flow rate of 20 mL min-1 for 20 min to obtain a CO2 saturated
electrolyte. CVs were performed at a scan rate of 50 mV s-1 over a
window of 0 to -1.5 V vs. Ag/AgCl.
Products analysis
The liquid products were analysed on a 400 MHz NMR spectrometer
(Bruker Avance). The 1D 1H spectra were measured with water
suppression.44 1-propanesulfonic acid 3-(trimethylsilyl) sodium
(DSS)(99.7%, Sigma Aldrich) was used as internal standard solution.
A 0.5 mL of product-containing electrolyte, 0.1 mL of DSS, and 0.1 mL
of D2O (99.9%, Cambridge Isotope Lab) was added and mixed in the
NMR tube for the analysis. The working curve for formate is shown
in Fig. S7. The gaseous products were analysed by gas
chromatography (GC) (8610C, SRI Instruments) equipped with a
flame ionization detector (FID) for CO, CH4, C2H4, C2H6 and a thermal
conductivity detector (TCD) for H2, CO, CH4, C2H4, C2H6 and CO2.
The active surface area measurements

To measure the active surface area of the working electrodes, cyclic
voltammograms were scanned in a 0.5 M H2SO4 solution from 0 to
1.5 V vs. Ag/AgCl at the scan rate of 50 mV s-1. The active surface area
was calculated by the oxide reduction charge at the range of 0.2 to
0.8 V vs. Ag/AgCl with the assumption that the Pd surface is smooth
and the conversion factor for the oxide monolayer reduction is 420
µC cm-2 according to the model of Kadirgan for the oxide monolayer
on a smooth Pd surface.25, 45
pH effects of electrolyte on the current density and the formate
efficiency
To investigate the effect of pH, we tested the CO2 reduction
performance in electrolytes with different initial pH values (6.8, 9.2,
12.1). The electrolytes were obtained by adding certain amount of
NaOH into 0.5 M NaHCO3. The current density vs. time curves were
recorded and the formate efficiency were calculated.
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